The low-Ca2' response is a multicomponent virulence regulon of the human-pathogenic yersiniae in which 12 known virulence genes are coordinately regulated in response to environmental cues of temperature, Ca2+, and nucleotides such as ATP. Yersinial growth also is regulated, with full growth yield being permitted at 37°C only if Ca2+ or a nucleotide is present. In this study, we constructed and characterized a mutant Yersinia pestis specifically defective in the gene encoding the V antigen, one of the virulence genes of the low-Ca2+ response.
A curious manifestation of the low-Ca2+ response is the requirement of millimolar Ca2+ or ca. 10 to 20 mM nucleotide for the bacteria to show full growth yield at 37°C (20, 49) . Ca2+ and nucleotides are not utilized nutritionally (33, 49, 50) but may act as signals which initiate global responses to the external environment. In the absence of Ca2+ and nucleotides, the yersiniae carry out an orderly metabolic shutdown and cease growth after about two generations, a response called growth restriction (10, 50) . Paradoxically, restriction occurs under the very conditions that elicit maximal expression of the virulence genes of the low-Ca2+ response (10, 42) : these show low basal transcription at 26°C, maximal transcription at 37°C in the absence of Ca2" and nucleotides, and downregulated expression (but ca. twoto threefold higher than at 26°C) at 37°C when Ca2+ or a * Corresponding author. nucleotide is present (19, 26, 42) . The significance of the restrictive response in pathogenesis of the yersiniae is not understood. Apparently, it reflects the operation of the global regulatory mechanism in the low-Ca2' response, because all mutations altering the ability to show restriction have also altered the regulation of expression of V antigen and Yops (2, 19, 34, 38, 47, 48) .
There is a ca. 20-kb region on pCD1, often called the Ca2'-dependence region, which is necessary for the induction of virulence gene expression by temperature and the downregulation by Ca2+ at 37°C (19) . Within this region, loci for which functions have been classified include 1crF, which encodes a trans-acting factor that mediates the response to temperature (47) ; IcrK, which functions in Yop secretion (39) ; and IcrE and IcrR, which function in the downregulation by Ca2+ (2, 48) . The operon which encodes the V antigen, previously called IcrGVH for its first three cistrons (34) , is also part of the Ca2'-dependence region. Like the yop operons, it is subject to regulation by the Ca2+-dependence genes, but unlike yop operons, it has a regulatory function in the low-Ca2+ response. It contains at least one gene necessary for the restrictive response and at least one virulence gene, because an insertion of Mu dIl(Ap lac) in the first cistron caused the yersiniae to be Ca2+ and nucleotide independent in their growth and avirulent in mice (34) . One regulatory gene in that operon, IcrH, is necessary for the downregulation of transcription in response to both Ca2+ and nucleotides at 37°C, negatively regulating its own lcrGVH operon as well as the operons encoding Yops (38) . However, IcrH is not the gene in lcrGVH responsible for restriction, because a mutant with an insertion in IcrH still showed growth restriction (38 (2) . The V antigen operon may contain one or more yop genes downstream of IcrH by analogy with the operon structure in Yersinia enterocolitica (31) . These have not yet been characterized in Y. pestis, but they, along with the V antigen gene IcrV, are candidate virulence genes in the operon. The V antigen is historically important as the first antigen discovered to be associated with virulence in Y. pestis (11, 12) , and increasingly refined tests continue to show that it is a protective antigen (25, 46) . However, its role in virulence has not been elucidated.
This study was undertaken to learn more about the V antigen by constructing and characterizing a Y. pestis strain having a nonpolar mutation in IcrV, rendering the bacteria specifically defective in expressing the V antigen. The data indicate that the V antigen may be a bifunctional protein: in addition to its proposed role as a virulence protein, it has important regulatory functions in the low-Ca2+ response in both causing restriction and promoting virulence gene expression.
MATERIALS AND METHODS
Bacteria, plasmids, and bacteriophages. Escherichia coli K-12 strains HB101 (5), X1553 (F-minAl purE42 supE42 pdxC3 minB2 his-53 nalA28 metC65 T3r ilv-277 cycB2 cycAl hsdR2), and X2338 (22) (19, 34, 42) ; chloramphenicol was used at 10 pLg/ml to select for retention of the Tn9 insertion in strain GM2163.
Y. pestis KIM strains lack the pigmentation virulence property, rendering them avirulent in mice by peripheral challenge while still fully virulent by the intravenous route (45) . Y. pestis KIM6 lacks pCD1, is Lcr-, and is avirulent by intravenous challenge (45) . Y. pestis KIM5-3173 has the same genetic background as the V antigen-negative mutant described in this work. It is Lcr+ but YopJ-because of an insertion of Mu dI11734 in yopJ of pCD1 (38, 42) . This abolishes expression of YopJ and renders the yersiniae resistant to kanamycin (Km) but does not significantly affect the intravenous 50% lethal dose (LD50) or infection kinetics in mice (42, 44) . Y. pestis KIM5-3240 is an IcrH mutant described previously (38 Previously described plasmids used in this study were pCD1 (19), pCD1 yopJ::Mu dI11734 (38), pBR322 (6), pJIT7 (34), pGW600 (23), pIC20R (28) , and pJM703.1 (21, 30 In-frame deletion in 1crV. Plasmid DNA was isolated by the method of Birnboim and Doly (4) . Restriction endonuclease digestion and cloning were done according to standard methods (1, 27 (37) to have undergone an in-frame deletion.
In-frame deletion-insertion in 1crV. An 81-base ClaI-EcoRI fragment was excised from the multiple cloning region (MCR) of pIC20R and isolated by electrophoretic separation on a polyacrylamide gel (12% [wt/vol] acrylamide) and then eluted by diffusion (37°C overnight) from minced gel fragments containing the desired band. The purified DNA was blunt ended with Klenow and ligated to the blunt-ended, phosphatased vector-containing fragment obtained from pJIT7 by XbaI-XhoI digestion (pJIT7'). After transformation into a E. coli DH5o, the resulting construct, pJIT7-8, was characterized by restriction analysis and by sequencing the fusion junctions in the double-stranded plasmid template (1 Arlington, Ill.). Gels were impregnated with En3Hance (New England Nuclear), dried, and exposed to X-Omat AR film (Eastman Kodak Co., Rochester, N.Y.) at -70°C.
Isolation of the V antigen-negative Y. pestis KIM5-3241.2. pJIT7-8 was cleaved with ClaI, which cut within the Yersinia DNA near one HindIII end (the site within lcrV [34] had been removed by the internal deletion) and with NheI, which cut in the flanking pBR322 DNA 200 bases beyond the other HindIII end of the cloned DNA. The fragment containing the altered lcrV was isolated, blunt ended with Klenow, and ligated into EcoRV-cut and phosphatased suicide vector pJM703.1. This construct, pVS1, was transformed into E. coli SY327 Apir for characterization by restriction analysis. pVS1 was transformed into E. coli X1553 containing pCD1 yopJ::Mu dI11734, with selection for Apr encoded by pVS1. Because pVS1 cannot replicate in this E. coli strain, Apr isolates were the result of integration of pVS1 into pCD1 yopJ::Mu dI11734 by a homologous recombination event. The pCD1 derivative in one such isolate was characterized by restriction analysis. Its plasmid was then transduced by P1L4 into Y. pestis KIM6 with selection for Kmr (from Mu dI11734) and Apr. The transduction and all subsequent growth of Y. pestis during the isolation of the V antigennegative mutant were done at 30°C to avoid accidentally selecting for point mutations in regulatory lcr genes.
After characterization of its plasmid profile and restriction patterns, the resulting Y. pestis, containing pCD1 with pVS1 integrated in homologous IcrGVH sequences, was grown for nine transfers in heart infusion broth (Difco Laboratories, Detroit, Mich.) supplemented with 1 mM MgCl2 and 0.2% (wt/vol) xylose, each transfer allowing seven generations of growth. Kanamycin was present to ensure retention of the pCD1 derivative, but ampicillin was omitted, to permit the survival and accumulation of yersiniae in which a second recombination had resolved the pCD1::pVS1 cointegrate, with subsequent loss of the replication-deficient pJM703.1-derived replicon. The resulting culture was spread onto 50 tryptose blood agar base (Difco) plates containing kanamycin. The ca. 58,200 colonies were replica plated onto tryptose blood agar base containing either kanamycin or ampicillin. Possible Kmr Aps resolvants were tested twice for growth on medium containing either kanamycin or ampicillin, and 85 were probed by colony blot with end-labeled 32p_ 81-base MCR from pIC20R and 32P-pJM703.1 that had been labeled by nick translation with a kit from New England Nuclear. Only one colony was the desired MCR+ pJM703.1-combination, arising from a recombination event that exchanged the mutated IcrV for the native one in pCD1. Two Aps colonies were unexpectedly MCR+ pJM703.1+, and the rest were MCR-pJM703.1-, being the products of recombination events on the same side of the IcrV mutation as the original integration event. The one MCR+ pJM703.1-isolate was characterized for its plasmid profile and restriction pattern and was designated Y. pestis KIM5-3241.2. Its pCD1 derivative contained the deleted and inserted lcrV and an insertion of Mu dI11734 in yopJ. Accordingly, the appropriate reference strain for determining the effects of the lcrV mutation was Y. pestis KIM5-3173, in which the pCD1 derivative had the wild-type lcrV and the same insertion of Mu dI11734 in yopJ. That strain will be called the reference strain rather than the parent strain, because the lcrV mutant was not derived directly from it; however, the genetic backgrounds of the two strains in theory are identical.
Complementation tests. pJIT7, pBR322, and pAVA3 were transformed singly into the IcrV Y. pestis KIM5-3241.2 and the reference strain Y. pestis KIM5-3173. pAVA3 also was transformed into the lcrD mutant strain Y. pestis KIM5-
Protein profiles of the lcrV mutant and reference Y. pestis. The reference Y. pestis KIM5-3173 and the IcrV Y. pestis KIM5-3241.2 were grown at 37°C in TMH containing or lacking 2.5 mM CaCl2 and having 1Ox lower methionine (final concentration, 0.1 mM) to permit labeling to high specific activity with [35S]methionine. After ca. six generations of pregrowth in exponential phase at 26°C, the temperature was shifted to 37°C when the A620 reached ca. 0.1 for the lcrV mutant and for the reference strain growing in the presence of Ca2`and when the A620 reached ca. 0.2 for the reference strain in the absence of Ca2+. Five hours later, at an A6oOf ca. 1.0, 1-ml amounts of all cultures were labeled with [ S]methionine as previously described (34) .
Samples were prepared for analysis of NEPHGE twodimensional protein profiles by using the following modification of a described protocol (34) . The labeled cultures were chilled by swirling in ice-water for 1 to 3 min, centrifuged for 2 min in a refrigerated microfuge, and placed on ice. The pellets were washed in 1 ml of ice-cold 10 mM Tris HCl (pH 8.0) containing 5 mM MgCl2, and the washed pellets were rapidly mixed with 150 ,u of freshly prepared, 100°C SDS-2-mercaptoethanol solution (0.3% [ (19, 29, 34, 42) . LcrH, Yops, and V antigen proteins were quantitated from the autoradiograms of the two-dimensional gels by using a Bio Image Visage 2000 Machine Vision densitometer and analytical software (Bio Image, Ann Arbor, Mich.).
Virulence tests in mice. The intravenous LD50 in BALB/c mice was determined for IcrV Y. pestis, for this mutant containing pAVA3, and for the reference Y. pestis KIM5-3173 containing pAVA3 by retro-orbitally injecting 0.1-ml bacterial doses (38, 44) . The dosage groups of five mice were caged separately and monitored for 14 days. The doses ranged, in 10-fold increments, from ca. 100 to 5 x 107, on the basis of colony counts made from the bacterial suspensions. For the next-to-highest dose, an extra mouse was injected and sacrificed 1 day later for recovery of bacteria from its macerated liver and spleen. These were confirmed to be the challenge strains by antibiotic resistance, colony morphology, and plasmid profile.
RESULTS
Construction of an lcrV Y. pestis. To study the role of the V antigen in the low-Ca2" response of Y. pestis, we constructed a deletion-insertion mutation that would affect only the structure of the lcrV product without altering the reading frame for IcrV or the expression of downstream genes. The deleted bases were well upstream of the non-Ca2+-regulated putative transcription initiation sites for IcrH, which previously were found near the end of IcrV (37) ; hence, the deletion was not expected to prevent initiation at those sites. We made the mutation in a clone containing lcrGVH and then allowed recombination into pCD1 yopJ::Mu dI11734. Figure 1 shows the minicell analysis of the starting clone pJIT7 and of pJIT7-8, the construct containing the deletioninsertion mutation. Also shown are the proteins expressed from pJIT7', a construct which contained the deletion in lcrV but not the MCR insertion. In addition to the P-lactamase precursor and processed products from the pBR322 vector (indicated by Bla in Fig. 1 ), pJIT7 expressed the 37,230-Da V antigen, the 19,015-Da LcrH product, and the 11,021-Da LcrG protein encoded by the Y. pestis lcrGVH operon contained in the cloned HindlIl G fragment of pCD1. The ca. 42,000-Da protein expressed by the clone may be YopB, whose gene also may be part of the lcrGVH-containing transcriptional unit (31) . The identity of the 26,000-Da Yersinia-specific band is not certain; it may be the product of a cistron that was only partially contained in the cloned DNA.
From DNA sequence analysis, pJIT7' was predicted to encode a 14,452-Da internally truncated LcrV protein. Except for full-length V antigen, this clone expressed all other clone-specific proteins plus a new species migratin-g at 13, 200 Da, probably the internally truncated LcrV (Fig. 1, lane pJIT7', arrow). We modified IcrV beyond the deletion present in pJIT7' to provide a diagnostic hybridization signal and diagnostic restriction sites as an aid in the identification of the desired final mutation in Y. pestis. The inserted (Fig. 1, lane pJIT7-8, arrow) . In twodimensional gel electrophoresis, this protein was found in the expected pH region of the gel (data not shown). Importantly, the expression of LcrH and of the 42,000-Da species from cistrons downstream of IcrV were not affected by the IcrV mutation. The deletion-insertion mutation in pJIT7-8 was introduced into pCD1 yopJ::Mu dI11734 by allelic exchange.
Protein profiles. Figure 2 shows NEPHGE two-dimensional protein profiles for the lcrV mutant and reference Y. pestis strains grown at 37°C in the presence or absence of Ca2+. As expected, the V antigen was absent from its normal position in the profiles for the lcrV mutant (circles in panels C and D). However, we were not able to identify the truncated product of the internally deleted and inserted IcrV in the gels. Its expression was weaker in E. coli minicells than the other lcrGVH products (Fig. 1) , raising the possibility that it might not be as stable as the native V antigen; perhaps a similar situation existed in Y. pestis. Importantly, the mutant retained its ability to express LcrH, indicating that the mutation did not have a strong polar effect on the expression of downstream genes. LcrH and Yops showed decreased abundance in the presence of Ca2+ in both the mutant and reference Y. pestis. However, in the mutant, the expression of all of these proteins was lower than in the reference strain, both in the presence and absence of Ca2 , an important regulatory consequence of the IcrV mutation that was seen in Y. pestis but not in E. coli (see Discussion). allowed us to determine the effect of the lcrV mutation on transcription of a yop gene as indexed by 3-galactosidase activity. We have previously shown that yop expression is regulated at the transcriptional level by Ca2+ (26, 42) . Panel A of Fig. 3 shows a typical set of 0-galactosidase measurements. Both the reference and lcrV mutant yersiniae showed a low basal level of yopJ expression at 26°C, maximal expression at 37°C in the absence of Ca2+, and downregulation by Ca2 . This shows that the Ca2+ regulation of transcription was still functional in the mutant, even though its growth was Ca2+ independent. However, under all growth conditions, the P-galactosidase activities shown by the mutant were lower than those of the parent. The small difference between the reference strain and the mutant at 37°C in the presence of Ca2+ was consistently seen: 939 ± 124 U for the reference strain (six experiments) versus 701 ± 119 U for the mutant (four experiments). These findings were consistent with the observations made at the protein level for expression of Ca2+-regulated low-Ca2' response products (Fig. 2) [42] .) Interestingly, however, pAVA3 ating in the low-Ca2+ response.
caused the reference strain to be decreased in virulence, A shows the growth of the reference strain and of with an LD50 of 2.0 x 104. the lcrV mutant, both containing pJIT7. The presence of the complementing DNA in the mutant completely restored the normal restrictive response to incubation at 37°C in the absence of Ca2". In both the reference and the lcrV mutant Y. pestis containing pJIT7, there was a small but reproducible decrease in the final cell yield at 37°C in the presence of Ca2" compared with their growth without the complementing plasmid. pBR322 alone had no significant effect on the growth of either strain (data not shown). These data show that the complementing DNA was sufficient to counteract the growth defect in the IcrV mutant and indicate that the growth defect was specifically due to the lcrV mutation and not to an adventitious mutation in another regulatory gene.
The lower-copy-number pAVA3 also caused restoration of Ca2+-dependent growth to the mutant but did not have as complete an effect as pJIT7 did (Fig. 4B) . We also tested the effect of pAVA3 on the growth of a mutant which was Ca2+ Figure 3B shows the 3-galactosidase activities expressed from the operon fusion to yopJ in the lcrV mutant and the reference Y. pestis complemented with pJIT7. The effect of the lcrV mutation on yopJ transcription was not counteracted by the high-copy-number clone, and in the reference strain, the DISCUSSION In this study, we constructed and characterized a specifically V antigen-negative Y. pestis to determine the role of V antigen in the low-Ca2" response. Our findings are consistent with the surprising conclusion that the V antigen is a bifunctional protein with a role in regulation as well as virulence.
The V antigen originally was discovered as a diffusible protein present in cultures of virulent Y. pestis (11, 12) . Its release into the medium apparently is specific, as it appears along with two Yops in cell-free supernatants containing no detectable cytoplasmic proteins when Y. pestis is grown at 37°C in the absence of Ca2+ or nucleotides (41) . It is not accumulated in the outer membrane fractions of such bacteria, and indeed only trace amounts can be detected by 1251-surface-labeling experiments that easily demonstrate the presence of Yops in outer membranes (41a, 43). Accordingly, it is significant that V antigen is protective in both active and passive immunization (25, 46) (38) . Since the LcrH-Y. pestis mutant has the same genetic background (38) as strains used in the present study, we repeated the measurement of yopJ transcription as indexed by 3-galactosidase expression and included the data in Fig. 3D Temperature acts through Ca2+-dependence genes, including lcrF, to induce strong expression of Ca2+-regulated low-Ca2+ response operons, including the V antigen operon and yop operons (19, 47) . LcrH is hypothesized to be expressed both from the Ca2+-and nucleotide-regulated promoter upstream of the entire V antigen operon and from its own non-Ca2+-regulated promoter that lies within the 3' end of lcrV (37) . In the presence of millimolar Ca2+, at least (2, 38, 48) .
Under these conditions, LcrH, like the V antigen, is thought to be expressed only weakly from the Ca2+-regulated promoter; however, its continued function is thought to be ensured by its expression from the non-Ca2e-regulated lcrH transcriptional unit (37) .
In the reference Y. pestis strain (Fig. 5, top slightly, but reproducibly, lower ,-galactosidase activity from the operon fusion than did the reference strain in the presence of Ca2e, and Yop and net LcrH expression also were seen to be lower in the mutant than in the reference in two-dimensional protein profiles.
In the lcrV mutant strain containing the low-copy-number pAVA3, the complementation was not complete, perhaps because a large fraction of the total LcrH expression was unaccompanied by expression of V antigen (because of the mutant operon present in pCD1). In contrast, when many copies of the V antigen operon were provided in trans by the high-copy-number pJIT7, the multiple normal copies of the operon probably successfully competed with the single mutant operon's promoter for activating components, and the majority of LcrH expression would be accompanied by V antigen expression.
Our data did not reveal the mechanisms of V antigen and LcrH action. At this writing, there is no evidence that either protein directly interacts with DNA or with RNA polymerase. Our searches of the data bases for sequence similarities (37) did find the C-terminal end of the Bacillus bacteriophage SPOl sigma factor (GP28) to be the best match for V antigen (residues 128 through 218 of GP28 with residues 11 through 104 of V antigen; 24% identity in a 95-amino acid overlap). However, the match failed the normalized alignment score test of significance (15, 16; unpublished data 
